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Abstract

1,N*-Ethanoadenine (EA) is an exocyclic adduct formed from DNA reaction with the
antitumor agent, 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU). To understand the role of
this adduct in the mechanism of mutagenicity or carcinogenicity by BCNU, an
oligonucleotide with a site-specific EA was synthesized using phosphoramidite chemistry.
We now report then vitro miscoding properties of EA in translesion DNA synthesis
catalyzed by mammalian DNA polymerases (palg}, n andi. These data were also
compared with those obtained for the structurally related exocyclic addu&t, 1,N
ethenoadenine&g). Using a primer extension assay, bothgalnd polp were primarily
blocked by EA oeA with very minor extension. Palj, a member of the Y family of
polymerases, was capable of catalyzing a significant amount of bypass across both
adducts. Pah incorporated all four nucleotides opposite EA aAdbut with differential
preferences and mainly in an error-prone manner. Human gglaralog of human pol
n , was blocked by both adducts with a very small amount of synthesefpéist
incorporated C and, to a much lesser extent, T, opposite either adduct. In addition, the
presence of an A adduetg. €A, could affect the specificity of poltoward the template
T immediately 3’ to the adduct. In conclusion, the four polymerases assayed on templates
containing an EA o£A showed differential bypass capacity and nucleotide incorporation
specificity, with the two adducts not completely identical in influencing these properties.
Although there was a measurable extent of error-free nucleotide incorporation, all these
polymerases primarily misincorporated opposite EA, indicating that the adduct, similar to

€A, is a miscoding lesion.
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1. Introduction

1,3-Bis(2-chloroethyl)-1-nitrosourea (BCNU) is an effective chemotherapeutic agent
which is commonly used in the treatment of certain types of tumors, particularly
intracranial tumors [1-3]. However, it is also classified as an animal carcinogen [2,4] and
is associated with human acute nonlymphocytic leukemia in the treatment of previously
existing malignancy with other anticancer therapies [2]. Bottro andin vivo studies
have demonstrated that BCNU is genotoxic as measured by point mutation and
chromosomal damage [5]. The mutational specificity studied in mammalian cells [6,7]

showed that the BCNU-induced mutations were predominantly base-pair substitutions.

BCNU is a synthetic compound that belongs to a family of haloethylnitrosoureas.
These bifunctional alkylating agents are highly reactive and directly acting [5,8,9].
Reaction with DNA by BCNU forms several exocyclic DNA adducts, including the
saturated ethano adducts of adenine, cytosine, and guaniﬁ—se(l:laNoA, 3,KethanoC,
N?3-ethanoG, and 1&thanoG) [8,10]. In addition, BCNU can produce
monosubstituted purine bases (either a hydroxyethyl or a haloethyl group) and a dC-dG
cross-link, 1-(3-cytosinyl)-2-(1-guanyl)ethane, in DNA [8]. The exact biological roles of
these lesions are largely unknown thus far, except that the dC-dG cross-link is cytotoxic
[11] and its cellular formation is related to tumor cell resistance to the nitrosoureas used
[8,12,13]. The exocyclic ethano adducts have also been proposed to be important with
respect to the biological functions of BCNU due to the potential of its structural

interference with base pairing [14].

The ethano adducts, formed by BCNU, structurally resemble the etheno derivatives
produced by several environmental chemical carcinogens such as vinyl chloride and

urethane [15,16]. These two types of adducts differ in saturation of a C7-C8 double bond



in the 5-membered exocyclic ring. The etheno adducts have been synthesized and
extensively studied for their structures as well as biochemical effects on DNA replication
and repair [16,17]. However, much less information on the same aspects is known with
the related ethano adducts. The first synthesis of an ethano derivative, 3,N
ethanodeoxycytidine, and its incorporation into a site-specific oligonucleotide was
described by Zhang al [18], which led them to investigate how the ethano C adduct
affects translesion DNA synthesis. From theivitro studies, replication by the exar

exo Klenow fragment of DNA pol | was primarily blocked by the adduct which also
miscodes [19]. Recent synthesis in our laboratory of a defined oligonucleotide containing
a site-directed 1,Nethanoadenine (EA) [20] has greatly facilitated our studies on how the
EA adduct is processed by enzymes involved in DNA repair [21] and replication (reported

in this work).

During last few years, a new class of DNA polymerases, the Y family, has been
identified from both prokaryotic and eukaryotic sources [22125]itro, these enzymes
are known to have the ability to bypass DNA lesions and also to have low processivity
and extraordinarily low fidelity when replicating normal DNA. Theivo functions of
many of these enzymes are unknown except in a few cases. For exampleneolded
by yeasiRAD30A or human XPV, can faithfully and efficiently replicate acrossike
syn T-T dimer [26,27] and mutations in the XPV gene cause the variant form of
xeroderma pigmentosum. Studies usimgitro replication systems have revealed that the
three related Y family enzymes, polgRad30A, | (Rad30B) ana (DinB1), are capable
of bypassing various DNA lesionad. 28-36] that are normally blockers of classical
DNA polymerases such as poland polB. However, such translesion syntheses can be
error-free or error-prone. Nevertheless, these studies have provided biochemical basis for

what could occur during cellular replication of the lesion-containing genomic DNA.



In this work, we examined the effect of the BCNU-derived EA adduut aitro
replication catalyzed by four mammalian DNA polymerases which are from different
families, pola (B family), B (X family), and poln and pol (Y family). The ability to
bypass the EA adduct by these enzymes, as well as their specificity of nucleotide
incorporation opposite the adduct, was assayed uswityo replication assays on the
oligonucleotide templates containing a site-directed adduct. The data obtained with the EA

adduct were compared in parallel to those for the anal@goadduct, in order to evaluate

how the adduct structure influences replication specificity of the DNA polymerases.

2. Materials and methods

2.1. Enzymes

Calf thymus DNA pobi was a generous gift from Dr. Fred Perrino (Wake Forest
University, Winston-Salem, NC). The concentration ofgo@as 0.05 unitgil (one unit
is defined as the amount of enzyme that incorporates 1 nAfe-0fd TMP in 60 min at
37°C on activated calf thymus DNA). Human folvas purchased from Trevigen
(Gaithersburg, MD) and had a concentration of 4 yuitgédne unit is defined as the
amount of enzyme required to incorporate 1 nmol of total nucleotide into acid-insoluble
form in 60 min at 37C). Purified human paj and pol were obtained from Enzymax
(University of Kentucky, Lexington). T4 polynucleotide kinase was purchased from

Amersham Pharmacia Biotech (Cleveland, OH).

2.2. Oligodeoxynucleotides



1,Nﬁ-Ethano-2’-deoxyadenosine and its phosphoramidite were synthesized as

previously described by Marendgal [20]. 1,I\F-Etheno-Z’-deoxyadenosine was

purchased from Glen Research (Sterling, VA). 25-mer oligodeoxynucleotides containing a
single EA oreA at the 6th position (Figure 1) were synthesized in this laboratory using an
Applied Biosystems Model 394 automated DNA synthesizer or by Operon Technologies
(Alameda, CA), respectively. All adduct-containing oligomers were HPLC-purified and,

on enzyme digestion with subsequent HPLC analysis, found to contain the correct
modified base. Both 18-mer and 20-mer primers (Figure 1) were synthesized and purified

through HPLC and polyacrylamide gel electrophoresis (PAGE) by Operon Technologies.

2.3. DNA replication assays

2.3.1. Preparation of DNA primer-templates (P/T)

In all the replication assays a short oligonucleotide primer (18- or 20-mer) was annealed
to a longer 25-mer template to create a polymerase substrate. The primers were 5' end-

labeled with {/—32P] ATP (specific activity > 6000 Ci/mmol, Amersham Pharmacia Biotech)

as previously described [37,38] and then mixed in 1:1.5 molar ratio with a template in a

buffer containing 70 mM Tris-HCI (pH 7.8) and 10 mM MgQThe mixtures were heated

for 2 min at 95-106C and annealed by slow cooling.

2.3.2. Full replication assays

Each polymerization reaction contained 2 nM of an annealed P/TN2@D each of all
four dNTPs (Amersham Pharmacia Biotech) and a DNA polymerase (concentrations

specified in Figure legends). Reactions were incubated& &% various times in a

buffer containing 25 mM KEPO, (pH 7.0), 5 mM Mgd, 5 mM DTT, 100ug/ml bovine



serum albumin, and 10% glycerol. Reactions were terminated by adding 2 vol of a F/E
solution (90% formamide and 50 mM EDTA). The samples were then heated for 3 min at

90-100°C and then chilled on ice. Aliquots offs were loaded onto a 16% PAGE
containing 8M urea. Following electrophoresis, the gels were dried and visualized by X-
ray film autoradiography. For quantitation, the gels were phosphorimaged on a Bio-Rad

FX Molecular Imager and the band intensity quantitated using the Quantity One software.

2.3.3. Single base insertion assays

In these reactions, each sample contained 2 nM of P/T ana\20®a single dNTP in
order to identify the specific dNTP(s) to be incorporated opposite the adduct by the

polymerase added to the reaction. For running-start reactions, the mixtures also contained 5
MM of dCTP which is complementary to the guanine base prior to the adduct (see Figure
2B, top scheme). Reactions were incubated 8€3ar 30 min and terminated as described
above. After the gels were scanned by a phosphorimager (see 2.3.2), the percent
incorporation of each dNTP was calculated as the percent of primer in each lane extended to

the adduct site and beyond.

3. Results

3.1. Replication of templates containing an EA or €A with pol a

Pola is a high fidelity polymerase which is primarily involved in normal DNA
replication [39]. In this work, the complete and accurate replication by the DNAfpmin

calf thymus was found with the control template using a running start assay (Figure 2A,

left). However, on both EA- argA-containing templates, such replication syntheses were

primarily blocked one base prior to the adduct with a very small percentage of full



replication (Figure 2A, center and right), indicating thatgpd@ unable to readily insert a

nucleotide opposite either adduct. Using a single base insertion assay, it was clear that EA
paired with both T and A, whilgA primarily paired with A when small amount of ol

catalyzed replication reached the E/eArsite (Figure 2B).

3.2. Replication of templates containing an EA or €A with human pol 8

As one of the major enzymes in base excision repair (BER) pathwaf3, cRillyzes
the accurate template-directed repair synthesis which fills the gap generated by base
excision [39,40]. As shown in Figure 3A (center), under the conditions used, hunfian pol
could not catalyze detectable translesion DNA synthesis across the EA addet.d&or
minor product was observed near the top of the gel (Figure 3A, right), indicating a small
amount of bypass by the enzyme. Similar toqpdhe replication on both EA- arsé.-
templates was primarily blocked one base before the adduct. Also similawtogad3
could incorporate small amounts of A and T opposite EA and mainly A oppagifégure
3B). On the unmodified template with the identical sequencé padried out efficient

synthesis with A:T base pairing at the A site.

3.3. Sgnificant bypass of EA and A by human pol n with both error-free and error-prone

nucleotide incorporation

Poln has been known for its ability to catalyze translesion DNA synthesis across
various types of DNA damage in either error-free or error-prone manner or in both. In this
work, we found that the human pphlso catalyzed significant amounts of translesion
synthesis past EA @A (Figure 4A, center and right). With time, the amounts of extension
products gradually increased to near full-length replication for both adducts. The position

of the top bands in Figure 4A (center and right) also suggests the co-existence of full-length



and one base deletion, the latter of which remains to be determined. Such a deletion was
frequently observed with pglin replicating areA-template as previously described [33].

It was also shown that for EA, the majority of the replication was blocked at or one base
before the adduct, whilA caused a block to pgl mainly one base before the adduct

(Figure 4A, center and right). On the 25-mer unmodified template, Fully extended products

were observed with paj reactions (Figure 4A, right).

In single nucleotide insertion assays, palould insert all four nucleotides opposite
either EA oreA (Figure 4B). The relative percent incorporation of each dNTP was
calculated as the percent of synthesis in each lane at the adduct site and beyond (see
Materials and Methods). Opposite EA, painserted 35.0% A, 13.1% C, 20.5% G and
31.5% T. In comparison, the enzyme inserted 46.7% A, 12.4% C, 22.3% G and 18.6% T
oppositegA. In both cases, the amounts of error-free incorporation opposite the adduct
were less than one-third of total incorporation. In conclusiom) mhble to perform
significant amount of translesion synthesis cross either EA dout such process is

mainly error-prone as seen from the relative misinsertion percent.

3.4. Error-prone nucleotide incorporation opposite EA or €A by human pol 1

Human pol has been reported to readily incorporate nucleotides opposite a number of
DNA lesions, but mostly in an error-prone manresy.[29,34,41-43]. A unique feature of
this enzyme is that it preferentially incorporates G, rather than A, opposite the template T,
leading to a T:G mismatch [29,43,44]. In contrast, the extension is generally most efficient
and accurate when A is the template base. The enzyme frequently stops at a T base, as
shown in Figure 5A (left), a phenomenon which was described previously as the “T stop”

[43]. In replicating modified DNA, translesion synthesis was blocked by EA arith



very small amount of bypass wigl which stopped at the next T (Figure 5A). In order to

rule out the possibility that the presence of this T may affect the lesion bypass, we replaced
the T with A in theeA-containing 25-mer template (Figure 5B, scheme). Under such
change, there was no measurable bypass observegivatiiduct (Figure 5B, right) and

pol 1 was able to extend the primer further beyond the normal template A (Figure 5B, left).

The base insertion specificities for EA a#fdare similar, with pol primarily
incorporating C with much less T opposite the adduct (Figure 5C, center and right),
indicating that pol mainly carry out error-prone nucleotide incorporation opposite either
adduct. On the control template, palorrectly inserted T opposite the template A (Figure
5C, left).

3.5. Effect of €A on pol 1 insertion specificity toward template T downstream from A

Since the local sequence context of the template or template-primer plays a role in
determining the nucleotide insertion specificity of p@!5,46], we asked whether the
presence of an exocyclic adduct would pose any impact on such specificity. Two 20-mer
primers with either A or C at the 3’ terminus were synthesized and 5'-end label&@Pwith
Each was then annealed to ##e or A-containing 25-mer template to createe&A): T
base pair oeA(A):C mismatch at the replication initiating site (see schemes in Figure 6).
The selection of C and T opposite the temp@ater A was based on the insertion
specificity of poll towardeA shown in Figure 5C. In the presence of the A:T pair (Figure
6B, left), poll inserted A, T and G opposite the template T. In contrast, it uniquely inserted
T opposite the template T when the oligomer substrate hedl &rat the terminus (Figure
6B, right). Similar insertion pattern was seen with A:C mispair but the amounts of insertion
were much less than those for the A:T pair (Figure 6A and B, left), suggesting that T:C

mispair is a poor substrate for primer extension by.pdheneA paired with C, pol also

10



only incorporated T opposite the template T (Figure 6A, right). In all casasdidahot
insert C opposite the template T regardless of the base-pair at the terminus. These results
clearly showed that the presence otArbase at the 5’ side can change the base insertion

specificity of pol toward the next template base T.

4. Discussion

One approach to a better understanding of the mechanism of BCNU mutagenicity or
carcinogenicity is to relate specific DNA lesions produced by this agent to its biological
consequences. BCNU is known to mainly cause-GIQA transversions and G:CA:T
transitions in mammalian (CHO) cells [6]. However, the frequency of both types of base-
pair substitutions could be greatly reduced in the hun?aadl@lguanine-DNA
alkyltransferase-transformed CHO cells, suggesting that both BCNU-initiated mutations
were J-alkylguanine-related [7]. Consequently, in such transformed cells, GA&
transversions emerged as the most common base substitution [7], indicating the biological

relevance of A:T base pair modifications by BCNU.

In this work, we investigated the vitro mutagenic properties of 1°pthanoadenine
(EA), one of the base modifications by BCNU, using a primer extension system with four
mammalian DNA replicating enzymes. Under the conditions used in our system, EA
mainly blocks DNA synthesis catalyzed by pol$ andi. These three enzymes
predominantly carried out error-prone nucleotide incorporation opposite the adduct, but
with different specificities. In contrast, human palvas capable of performing a
significant amount of synthesis across EA. The enzyme primarily misincorporated opposite
the adduct, even though a significant amount of error-free base pairing, EA:T, was

observed. Of the Y family polymerases, pdias probably been the most widely tested for

11



similar lesion bypass capacities. This enzyme catalyzes the error-free translesion DNA
synthesis acrosss-syn T-T dimer [26,27] and 7,8-dihydro-8-oxoguanine (8-oxoG) [28].

It also incorporates, with relatively high fidelity, nucleotides opposite several lesions
including acetylaminofluorene-dG and cisplatin G-G intrastrand cross-link [MasutaniOO0;
Yuan00]. On the other hand, ppkatalyzes significant error-prone nucleotide

incorporation opposite a variety of different types of DNA modifications such asa(is)-
anti-benzo[a]pyrendN,-dG and an AP site [47]. Interestingly, ppis able, with relative
efficiency, to bypass all the exocyclic adducts tested so far. This ineldgE#\, eC and
8-hydroxymethyleC [33,35, this work]. These results raise the questions as to whether

pol n is specific for this group of structurally related adducts [48-50] and whether this
enzyme has any cellular function toward these adducts. As for other polymerases studies in
this work (polsa, 3 andt), EA was primarily a blocker. The lesion bypass through
combined actions of two polymerases is being studied in order to examine whether such
terminated synthesis at the adduct site can be further extended by another polymerase. Two
of the Y family DNA polymerases, p§l(Rev3 and Rev7) and pr] are known to have

such elongating function [29, 47, 51].

€A is a highly mutagenic lesion in mammalian cells [52,53]. Using a shuttle plasmid
vector containing a singk\, Levineet al [53] described the predominant induction of
€A - T, together witteA — G andeA - C, in human cells. Such efficient induction of
€A - T transversions is consistent with the finding that the tumors in humans and animals
exposed to vinyl compounds showed A:T:A transversions which could be due to the
misinsertion of AAMP oppositeA by a polymerase(s) [53]. In search for enzymes which
could be responsible for such misinsertion and lesion bypass, various translestional DNA
polymerases were tested. Previgugitro primer extension studies showed that both pol
n and pok catalyze error-free and error-prone synthesisg#astith pol n being much

more efficient than pat in such bypass [33]. Oum vitro results reported here also

12



support a possible role of pglin cellular translesion synthesis acre8sas based on the
relatively efficient bypass and ~ 50% of A misinsertion opp@asitevhich would lead to
aneA - T transversion. Human pofthis work] and human REV1 [54] appear to be
unable to efficiently bypas\ in vitro, but the two enzymes misinsert. The final
verification of theseén vitro findings need data from genetic studies such as a gene

knockout.

In general, the results obtained from the comparative experiments on EA smthis
study differ only in minor aspects. The structural differences between these two exocyclic
adducts were earlier [21]. The saturation of the double bond in the imidazole ring of EA
partially reduces its stacking ability and results in a non-planar conformation of the extra
ring. The two additional hydrogens of EA, as comparedi@ontribute an extra surface
area for the adduct. However, as shown by molecular modeling, these changes in adduct
structure do not affect the conformation of the lesion in the DNA duplex [21]. Both lesions
form a sheared base pair with the adduct displaced toward the major groove. No
Watson—Crick base pairing is observed between the adduct and the opposite base. This
may explain the observed similar patterns of bypass and insertion specificity toward these

two adducts by the polymerases used in this study

Human cells possess two Rad30 paralogs, Rad30AJ@oid Rad30B (pol
1). However, pol differs from poln greatly in enzymatic properties and its cellular
functions are still speculative. Rgbreferentially inserts G, rather than the Watson-Crick
base A, opposite the template T [29,43,44]. In addition, the enzyme forms a T:T base pair
almost as frequently as forming an A:T pair. The insertion specificity ofgded depends
on the neighbor base sequence [45,46]. In this study,qooild not replicate past the EA
adduct and bypasseA to a very small extent. The enzyme primarily performed error-

prone nucleotide incorporation opposite both adducts (EA:CA@). Interestingly, the
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presence ofA upstream from the template T clearly had an impact on the insertion
specificity of poll toward the T. Instead of the incorporation of three of the nucleotides, T,
A and G, opposite template T following template A, pahiquely inserts a T opposite the

template T followingA (Figure 6).

Recent crystallographic studies provided some insight into structural differences
between the classical and translesional (Y family) polymerases. & pol normally
possess a tight active site that can accommodate only a single base [39,55-57]. In contrast,
the absence of the “O” and “O1” helices in the fingers domathaf evisiae pol n makes
its active site more open, thus enabling the enzyme to replicate T-T dimers and 8-oxo-G
[58]. The ability to place two template bases in the active site was also observedfor the
solfataricus polymerase Dpo4 which is a DinB homolog [59]. Such “openness” of the
active site could be conserved across the whole Y family and be a general feature for the
polymerases in this family. In relevance to our work, the presence of the exocyclic etheno
or ethano ring on A increases the van der Waals space by almost 30%. Therefore, we
propose that the adduct occupies extra space and could also be constrained at the active site
of polt, imposing steric limits, thus resulting in the incorporation of a smaller pyrimidine
base, T, rather than G or A, opposite the next template T. The structures of the

polymerases together with a bound template should provide further mechanistic details.
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Figure legends

Figure 1. Top: Chemical structures of $-:@thanodenine (EA) and 1°Nthenoadenine

(eA). Bottom: DNA templates and primers used in this study.

Figure 2. A: Full replication catalyzed by calf thymus @an normal, EA- andA-

containing templates using 2 of each of all four dNTPs. The enzyme concentration
used for this time course was 0.05 units. Standard reactions were performed as described
in Materials and Methods. The template primer (P/T) used is shown on top with the 18-mer
primer beingSZP-IabeIed at the 5’ end, and the partial template sequence is shown vertically
on the sides of the figure. B: Single base insertion opposite normal A, EEAarsihg

200uM of a single dNTP. In addition, M dCTP was added to initiate a running start

one base before the A or modified A sites. All the nucleotide incorporation reactions

contained 0.05 units of pal and were incubated at 3 for 30 min.

Figure 3. A: Full replication catalyzed by human pan normal, EA- andA-containing
templates. Pdb concentration used for this time course was 0.6 units. The reaction

conditions are the same as described in Figure 2. B: Single base insertion opposite normal

A, EA andeA. Each individual reaction contained 1.6 units of[pahd were incubated

under the same experimental conditions as described in Figure 2.

Figure 4. Translesion DNA synthesis cross EA ghdby human poh. A: Time course of
full replication with poln (0.35 ngil) under the conditions specified in Figure 2. B:
Standard nucleotide insertion assays using a single dNTP and Qu88fmgln. See

details in Figure 2.
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Figure 5. Human patcatalyzed replication synthesis on templates containing A, EA or
eA. A: Time course of full replication with human pd6.25 ngjl) under the

experimental conditions specified in Figure 2. Note that the T in the control template (left
panel) posed a block to the synthesis by pBt Full replication reactions using the
templates which contained an A instead of T on the downstream side of templai& A or
(see the scheme). Same concentration (6.328)r@/pol 1 was used for these reactions. C:

Standard nucleotide insertion reactions catalyzed by human$ee details in Figure 2.

Figure 6. Standing-start assays for identifying the nucleotide incorporation specificity of

human pol toward the template T 3’ next to aA adduct. As shown on top of A and B

panels, a 20-mer primer with a C or T base at its 3’ terminus was utilized to form a forced
match witheA on the 25-mer template. The standard single base insertion assays were

performed with 6.25 ngl of pol1 and 20QuM of a single dNTP at 37C for 30 min.
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